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! Abstract 

A fully adaptive system for the suppression of vibration transmission using a single piezoelectric 
actuator shunted by a negative capacitance circuit is presented. It is known that using negative 
. capacitance shunt, the spring constant of piezoelectric actuator can be controlled to extreme values 

of zero or infinity. Since the value of spring constant controls a force transmitted through an elastic 
element, it is possible to achieve a reduction of transmissibility of vibrations through a piezoelectric 
actuator by reducing its effective spring constant. The narrow frequency range and broad frequency 
range vibration isolation systems are analyzed, modeled, and experimentally investigated. The 

CO 

control to the circuit parameters of the negative capacitor. A control law that is based on the 



problem of high sensitivity of the vibration control system is resolved by applying the adaptive 



estimation of the value of effective spring constant of shunted piezoelectric actuator is presented. 
An adaptive system, which achieves a self- adjustment of the negative capacitor parameters is 
presented. It is shown that such an arrangement allows a realization of a simple electronic system, 
which, however, offers a great vibration isolation efficiency in variable vibration conditions. 

Keywords: Piezoelectric actuator, Vibration transmission suppression, Piezoelectric shunt damping Nega- 
tive capacitor, Elastic stiffness control, Adaptive device 
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I. INTRODUCTION 



Vibration suppression is nowadays regarded as an important parameter in many technical 
fields ranging from robust aerospace industry to delicate nanotechnology. Unsuppressed 
vibrations are traditionally the key source of noise pollution, aging of mechanical components 
or even life-threatening fatal failures of transport vehicles, machining instruments, etc. Also 
in micro- and nanotechnology, the progress relies on high precision devices, which essentially 
require efficient vibration control. 

Contemporary vibration control techniques are based mostly on (i) passive methods using 
elements such as viscoelastic dampers and springs, or (ii) conventional active feedback and 
feed-forward control principles. The passive methods are rather inexpensive and do not 
require an external source of energy, but they are bulky and inefficient at low frequencies. 
On the other hand the conventional active methods can achieve an excellent efficiency with 
a subtle device, but on the expense of high technical complexity, high costs, and lower 
reliability. 

There is necessarily a gap between the conventional passive and active vibration control 
methods, which would balance advantages of both approaches: especially a high efficiency 
(also at low frequencies) and a low cost. A promising new approach has emerged with so 
called semi-active methods, which have been heralded as the dawn of a new era in vibration 
control methods. However, it did not happen and yet most suggested semi-active methods 
remain confined in research laboratories. 

In this article, we present a study of the semi-active vibration suppression method, which 
uses a piezoelectric bulk actuator. The vibration suppression effect is achieved: first, by 
inserting a piezoelectric actuator between vibrating structure and an object that is being 
isolated from vibrations, and, second, by connecting the piezoelectric actuator to an active 
external shunt circuit that controls the effective elastic stiffness of the actuator. The afore- 
mentioned method for a suppression of vibration transmission was introduced by Hagood 
and von Flotow [1] and, later [2], it was named as Piezoelectric Shunt Damping (PSD). 
During last two decades, extensive amount of work have been published on PSD method. 
Examples to be mentioned here are passive [3, 4] and active [5-7], broadband multi-mode 
[4, 8, 9], and, adaptive [9-11] noise and vibration control devices. In a vast majority of the 
mentioned publications and many others, the classical control theory is used for a description 
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and analysis of noise and vibration suppression systems. 

An alternative approach was offered by Date et al. [12], who discovered that the effect of 
the shunt circuit on the mechanical response of the piezoelectric actuator can be explained 
through the change of effective elastic properties of a piezoelectric actuator. When an ac- 
tuator is inserted between a source of vibrations and an object that is being isolated from 
vibrations, the resonant frequency and the transmissibility of vibrations through a resulting 
spring-mass system depends on the spring constant of the actuator and the mass of the ob- 
ject. The reduction of the piezoelectric actuator spring constant results in the reduction of 
resonant frequency and transmissibility of vibrations at super-resonant frequencies. There- 
fore, the physics lying behind the vibration suppression effect in PSD method is in principle 
the same as in the passive methods. The vibration suppression can be, however, achieved 
at low frequencies. 

Such a principal change in the concept offers a use of alternative and simpler design 
tools in the development of noise and vibration suppression devices. The design of vibration 
control systems can be reduced to, first, the study of elasticity effect on the noise or vibration 
transmission and, second, to the realization of Active Elasticity Control. Early applications 
that followed this simple approach [13-17] demonstrated the great potential of this method, 
which stems from (i) the simplicity of the noise control system, which consists of a self-sensing 
piezoelectric actuator connected to an active shunt circuit, (ii) the realization of active shunt 
circuit electronics using a simple analog circuit with a single linear power amplifier, which 
makes it possible to greatly reduce the electric power consumption, and (iii) the broad 
frequency range (e.g. from 10 Hz to 100 kHz) where the system can efficiently suppress 
vibrations. 

Despite the potential advantages of the PSD method, high sensitivity and low stability of 
real systems currently prevents their industrial exploitation, which often requires a system 
robustness in changing operational conditions. It was actually shown by Sluka et al. [18] that 
the optimal working point of the PDS system lies just on the edge of the system stability. 
Later, the stability of several PSD method implementations has been compared in the work 
by Preumont et al. [19]. A partial elimination of the drawbacks was achieved by adaptive 
PSD vibration control systems reported in Refs. [18, 20], however, with a strong limitation 
that the stable vibration isolation efficiency could be achieved only in a narrow frequency 
range. 
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The aforementioned issues have motivated the work presented below, where we will ad- 
dress the design of an adaptive broad-band vibration control device. The principle of our 
vibration suppression device will be presented in Sec. II. In Sec. Ill, we will demonstrate ad- 
vantages and drawbacks of narrow and broad frequency range vibration isolation device with 
manually adjusted negative capacitor. Design of the adaptive broad-band vibration isolation 
device will be presented in Sec. IV. There, in addition, we will present previously unpub- 
lished details of control law, which was used to obtain results presented in Refs. [18, 20]. 
Conclusions of our experiments will be presented in Sec. V. 

II. PRINCIPLE OF THE VIBRATION SUPPRESSION 

It is known that the vibration transmission through an interface between two solid objects 
is mainly controlled by the ratio of their mechanical impedances. Since the mechanical 
impedance is proportional to the material stiffness, extremely soft element placed between 
two other objects works as an interface with high transmission loss of vibrations. In the 
following Subsection, we present a simple theoretical model that explains the effect of the 
elasticity in a mechanical system on the transmission of vibrations through the system. 
Later, we present a method to control the elastic properties of the piezoelectric actuator 
using a shunt electric circuit that can be profitably used in the vibration isolation system. 

A. Effect of the spring constant on the transmissibility of vibrations 

Scheme of the vibration isolation system is shown in Fig. 1(a). The vibration damping 
element with a spring constant K and a damping coefficient B is placed between the shaker 
and the object of a mass M that is going to isolated from vibrations. The incident and 
transmitted vibrations of a displacement amplitudes U\ and respectively, are measured 
using accelerometers. The transmissibility of vibrations TR through the considered vibration 
isolation system is defined as a ratio of the transmitted over the incident displacement 
amplitudes at the reference source point: 

TR=\u 2 / Ul \ (1) 

The transmissibility of vibration is controlled by the material parameters that control 
the dynamic response of the mechanical system. The dynamic response of the system is 
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FIG. 1: Scheme of the vibration isolation system. The vibration damping element with a spring 
constant K and a damping coefficient B are placed between the shaker and a mass M that is 
going to be isolated from vibrations. The incident vibrations of a displacement amplitude u\ and 
the transmitted vibrations of a displacement amplitude u 2 are measured using accelerometers (a). 
The vibration damping element used in this work is the piezoelectric actuator of the impedance 
Zs shunted by a negative capacitor of the impedance Z^c- (b) 



governed by the following equation of motion: 



M 



d 2 u 2 



du\ 



dt dt dt 



Ku x . 



(2) 



Considering the simplest case of the transmission of harmonic vibrations of an angular 
frequency u, the solution of Eq. (2) yields the formula: 



TR = u 0] 



cu 2 + Q 2 co 2 



u 2 u 2 + Q 2 (wg-u 2 ) 



2 ' 



(3) 



where the symbols Q and u q stand for the mechanical quality factor Q = yKM/B and 



the resonance frequency u = y/K/M. It is seen that the smaller the value of spring 
constant K, the smaller the value of the resonant frequency u q, and the smaller the value 
of transmissibility TR of harmonic vibrations of angular frequency u > u . 



B. Method of the active control of piezoelectric actuator elasticity 



Figure 1(b) shows the vibration damping element used in this work, which is a piezo- 
electric actuator of capacitance Cs shunted by a negative capacitor of capacitance C. This 
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system is an example of so called Active Elasticity Control method introduced in 2000 by 
Date et al. [12]. The effective spring constant of a piezoelectric actuator K c $ can be de- 
rived from the constitutive equations for charge Q and change of length Al = u 2 — U\ of a 
piezoelectric actuator: 

Q = dF + C S V, (4) 
Al = (l/K s )F + dV, (5) 

which are appended by the formula for a voltage V applied back to the piezoelectric actuator 
from a shunt circuit of capacitance C: 

V = -Q/C, (6) 

where symbols d, Cs, and K$ stand for the piezoelectric coefficient, capacitance, and spring 
constant of a mechanically free piezoelectric actuator, respectively. 

Combining Eqs. (4), (5), and (6) and with the use of relationship between the capacitance 
and impedance of a capacitor, Z — 1/ (ju C) , one can readily obtain the formula for the 
effective spring constant of a piezoelectric actuator connected to an external shunt circuit 
with an electric impedance Z: 

k F k ( l + z *l z \ m 



Al s \l-k 2 + Z s /Z / 

where k 2 = d 2 K$/Cs is the electromechanical coupling factor of the piezoelectric element 
(0 < k < 1) and Z$ is the electric impedance of a mechanically free piezoelectric actuator. 

It follows from Eq. (7) that, when the complex impedance of the shunt circuit Z ap- 
proaches the value of — Z$, the effective spring constant K e s of the piezoelectric element 
reaches zero. Figure 2 shows the electrical scheme of the piezoelectric actuator shunted by 
the active circuit that effectively works as with a negative capacitance. It will be further 
referenced as a negative capacitor. Effective impedance of the negative capacitor shown in 
Fig. 2 is equal to 

Z{uj) = R 1 + —— Z 1 {u)nR 1 -—Z 1 {u)), (8) 

Kq + K 2 — A U {U JK Ho 

where A u is the output voltage gain of the operational amplifier and 

7 ( \ — Rz — — ~ ^ (q \ 
1+jcoC R3~ l + co 2 C 2 R 2 3 [) 

(3 
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FIG. 2: Electrical scheme of the piezoelectric actuator shunted by a negative capacitor. The 
negative capacitor is realized using a simple circuit with an operational amplifier in a feedback 
loop. Using adjustable resistors Rq and R±, it is possible to adjust the real and imaginary part of 
its capacitance, so that it matches the capacitance of the piezoelectric actuator (except the sign). 



is the impedance of so called reference capacitance of the negative capacitor. The approx- 
imate formula on the right-hand side of Eq. (8) stands for the ideal operational amplifier, 
i.e. A u goes to infinity. 

It is known that real and imaginary parts of the piezoelectric actuator capacitance prac- 
tically do not depend on frequency in the frequency range below its resonance frequency. In 
this situation, the capacitance of the piezoelectric actuator can be approximated with a high 
accuracy by the formula C' s (l — j taxi 5s), where C' s and tan 5s are the real part and loss 
tangent of the piezoelectric actuator capacitance. Then, the impedance of the piezoelectric 
actuator is equal to 

7{ \ __ 1 tanjg-j 

S{U> juC' s (l-j tan 5 S ) uC s (l + tan 2 5 S ) ' 1 ' 

It is convenient to approximate the frequency dependence of the piezoelectric actuator 
impedance by the frequency dependence of the in-series connection of the capacitor and 
resistor of capacitance Cs and resistance R~s, respectively. 

Zs(oj)nR s + —!—. (11) 

At given critical frequency u q, it is possible to adjust the negative capacitor in such a 
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way that: 

\Z\(u ) = \Z s \(u ) (12a) 
arg[Z(u )] = -arg[Z s (uJ o)] (12b) 

Such a situation is characterized by the relation Zs(oj o) / 'Z(u o) = —1 and, according to 
Eq. (7), it yields K e s that is effectively reaching zero value and the transmission of vibrations 
reaches minimum. 



C. Role of impedance matching 

In this subsection, we analyze to what extent the condition given by Eqs. (12) must be 
satisfied, in order to achieve required suppression of vibration transmission. Such an analysis 
can be split into two steps. First, we analyze the sensitivity of transmissibility TR to the 
value of spring constant of the actuator K, and, second, we analyze the sensitivity of the 
effective spring constant of the actuator K e g to the capacitance C of the negative capacitor. 

In order to perform the first step of the analysis, it is convenient to express the suppression 
level of the transmissibility of vibrations ALtr, which is produced by the active elasticity 
control using the negative capacitor: 

AL TR = 20 (log TR NC - log TR S ) , (13) 

where TR^c and TR$ are the transmissibility of vibrations given by Eq. (3) in situations, 
where the shunt circuit is connected and disconnected from the piezoelectric actuator, re- 
spectively. For small values of spring constant K and for frequencies above the resonant 
frequency of the system uq, it is possible to express the suppression level of the transmissi- 
bility of vibrations in the form: 

AL TR ^10\og\K cS /K s \, (14) 

where the K e g is the effective spring constant of the actuator, which is controlled by the 
negative capacitor. 

In the second step, it is convenient to denote AZ = Z — {—Zg) as a deviation of the 
impedance Z of the negative capacitor from the required value — Z$- Then for small devia- 
tions AZ, it is possible to approximate Eq. (7) by a formula: 

K cS « K S AZ/ (k 2 Z s ) (15) 

8 




FIG. 3: Frequency dependences of the physical quantities that controls the value of transmissibility 
of vibrations through the piezoelectric actuator shunted by the negative capacitor shown in Fig. 2: 
a) absolute value of the electric impedance of the piezoelectric actuator (measured) and the negative 
capacitor for three different adjustments of resistors -Ro an d R\ (calculated); b) phase of the electric 
impedance of the piezoelectric actuator (measured) and of the negative capacitor (calculated and 
displayed with inverted sign), c) calculated real and imaginary parts of the effective spring constant 
of the piezoelectric actuator shunted by the negative capacitor. Part d) shows the comparison of 
the measured values of the transmissibility of vibrations through the electrically free piezoelectric 
actuator (filled circles) and the piezoelectric actuator shunted by the negative capacitor adjusted at 
the frequency fo = 2 kHz (empty circles) . The measured values of the transmissibility of vibrations 
are compared with the calculated from the theoretical model. 

From Eq. (14), it can be estimated that a decrease in the level of transmissibility of vibrations 
ALtr by about 20 dB requires a decrease in the effective value of the spring constant K by 
a factor of 1/100. Then, considering the values of the electromechanical coupling factor of 
conventional piezoelectric ceramics, i.e. k 2 = 0.1, one can conclude from Eq. (15) that the 
relative deviation of the negative capacitor impedance SZ = AZ/Z S from its required value 
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— Zg must be smaller than 0.1%. This very narrow region of capacitances of the negative 
capacitor, in which the required values of the spring constant are achieved, imposes high 
requirements on the negative capacitor adjustment. 

It is clear that required adjustment of the negative capacitor cannot be achieved with fixed 
values of resistors Ro and R\ due to limited number of commercially available values and 
the continuously adjustable trimmers must be used. In the next two Sections, experimental 
results acquired from the vibration isolation systems with manual and adaptive adjustment 
of the negative capacitor are presented. 

III. MANUAL ADJUSTMENT OF THE NEGATIVE CAPACITOR 

In the next subsection, we will present and discuss the experimental data measured on 
the vibration isolation device with the negative capacitor shown in Fig. 2. 

A. Narrow frequency range vibration isolation 

First, the frequency dependence of the transmissibility of vibrations through the electri- 
cally free piezoelectric actuator, i.e. the actuator, which was disconnected from the negative 
capacitor, was measured in the frequency range from 550 Hz to 3 kHz and the result is 
indicated by filled circles in Fig. 3(d). The measured values of the frequency dependence of 
the transmissibility of vibrations were compared with the theoretical formula given by Eq. 
(3) and the values of the spring constant K s = 7.11 • 10 7 Nm" 1 , mass M = 1.67 kg and 
the mechanical quality factor of the piezoelectric actuator Q = 11.3 were obtained using the 
method of least squares. 

In the next step, the negative capacitor was realized using LF 356N operational amplifier 
according to scheme shown in Fig. 2. The output voltage gain of LF 356N was approximated 
by the function A u (u ) = A /(l + ju/(2irf 1 )), where A = 105 dB and f x = 100 Hz. The 
condition given by Eqs. (12) is achieved by setting the values of resistances R\ and Rq 
according to following formulae: 
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(a) (b) 

FIG. 4: Electrical scheme of the reference impedance Z\ inside the negative capacitor (see B) for 
a narrow frequency range a) and a broad frequency range vibration isolation system. 

In order to find the proper adjustment of the negative capacitor, the frequency dependence 
of the electric impedances of the piezoelectric actuator and the reference capacitance Z\ 
were measured using HP 4195A spectrum analyzer and shown in Figs. 3(a) and (b). Using 
the least squares method, following values were obtained: R s = 1.150 Q, C$ = 6.602 /xF, 
R 3 = 27.84 Q, and Cq = 4.686 /iF. These values were cross-checked by direct measurements 
on ESCORT ELS-3133A LRC-meter at 1 kHz: R s = 0.87 Q, C s = 6.94 /iF, R 3 = 24.5 Q, 
and Co = 5.16 /iF. Then, resistance R2 = 2 AO kQ was measured and the negative capacitor 
resistors were pre-adjusted to values Rq = 2.41 kfl and Ri = 6.93 Q according to Eqs. (16). 

Then, the trimmers Rq and R\ in the negative capacitor were finely tuned in order to 
achieve 20 dB decrease in the transmissibility of vibration at 2 kHz as indicated by empty 
circles in Fig. 3(d). The measured transmissibility of vibrations was fitted to the theoretical 
model given by Eqs. (3), (8), (9), and (11). Following values were obtained using the method 
of least squares: k 2 = 0.064, Rq = 2.43 kf2, and R\ = 6.86 Q. The direct measurement using 
the LRC-meter resulted in following values: Rq = 2.32 kf2 and R\ = 6.20 Q, respectively. 

Here, it should be noted that the relative difference between fitted and measured values of 
resistances varies from 5% to 11%. This relative difference is much larger than 0.1% allowed 
relative difference between the negative capacitor and piezoelectric actuator capacitances. 
The reason for such a difference is the presence of parasitic capacitances in the system, which 
makes theoretical modeling of piezoelectric shunt damping systems difficult and adjustment 
of negative capacitors from such theoretical models practically impossible. 

The physics standing behind the decrease in the transmissibility of vibrations in a narrow 
frequency range can be easily understood by looking at Fig. 3. Figures 3(a) and (b) show the 
comparison of the measured electric impedance absolute value and phase of the piezoelectric 
actuator with the calculated values of the electric impedance absolute value and phase of 
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FIG. 5: Frequency dependences of the physical quantities that control the value of transmissibility 
of vibrations through the piezoelectric actuator shunted by the negative capacitor shown in Fig. 2: 
a) absolute value of the electric impedance of the piezoelectric actuator (measured) and the nega- 
tive capacitor for the narrow frequency range (see Fig. 4 a) and broad frequency range (see Fig. 4 b) 
reference impedance Z\ ; b) phase of the electric impedance the piezoelectric actuator (measured) 
and the negative capacitor (calculated, displayed with inverted sign), c) calculated real and imag- 
inary parts of the effective spring constant of the piezoelectric actuator shunted by the negative 
capacitor. Part d) shows the comparison of the measured values of the transmissibility of vibrations 
through the electrically free piezoelectric actuator (filled circles) , through the piezoelectric actuator 
shunted by the narrow frequency range negative capacitor adjusted at /o = 2 kHz (empty circles), 
and the broad frequency range negative capacitor adjusted at /o = 2 kHz (empty triangles). The 
measured values of the transmissibility of vibrations are compared with the theoretical model. 

the negative capacitor for three adjustments that differ in values of resistances Rq, R\, and 
the critical frequency f . Figures 3(a) and (b) indicate that conditions given by Eqs. (12) 
are satisfied only in narrow frequency ranges around particular critical frequencies /q. This 
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FIG. 6: Comparison of the time dependences of the vibration isolation efficiency in changing 
operational conditions in the system with manually adjusted negative capacitor (solid line) and in 
the system with adaptively controlled negative capacitor (dashed line), respectively. The vibration 
isolation system was turned on at the time 1 min. Then, the ambient temperature of the system was 
changed. There is seen approximately 15 dB decrease in the suppression level of the transmissibility 
of vibrations [see Eq. (13)] after 5 minutes in the system with manually adjusted negative capacitor, 
while the suppression level of the transmissibility of vibrations remains constant in the adaptive 
vibration isolation system. 

is a reason for narrow frequency ranges, where a decrease in the real part of the effective 
spring constant K eS of the piezoelectric actuator can be achieved as indicated in Fig. 3(c). 

The next Subsection discusses the problem of broadening the frequency range where the 
vibration isolation device can efficiently suppress the vibration transmission. 

B. Broad frequency range vibration isolation 

In order to broaden the frequency range of the efficiently suppressed vibration transmis- 
sion, it is necessary to achieve a precise matching the electrical impedances of the piezoelec- 
tric actuator and the negative capacitor. Since the frequency dependence of the piezoelectric 
actuator is controlled by its material and its construction, it is necessary to modify the fre- 
quency dependence of the negative capacitor. The frequency dependence of the negative 
capacitor impedance is determined by the reference impedance Z\. The trivial parallel con- 
nection of the capacitor Co and the resistor R3 was replaced by a more complicated RC 
network shown in Fig. 4(b). 
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FIG. 7: Contour plots of absolute value (a) and argument (b) of the effective spring constant 
K e g of piezoelectric actuator shunted by the negative capacitor shown in Fig. 2 as functions of 
the resistances i?o and R\. The values of Rq and R± are normalized by values i?o,mm an d Rimini 
respectively, which yield the zero absolute value of the effective spring constant K e d = K' eS + iK" s . 

Values of capacitances and resistances in the reference capacitance Z\ were adjusted to 
minimize the mismatch between values of Z\ and Z$ in the frequency range from 0.5 kHz to 
3 kHz. The frequency dependence of the electric impedance of the modified reference capac- 
itance Zi was measured and the method of least squares yields the values: R3 = 15.09 kf2, 
Co = 480 nF, Rx = 44.6 fl, and Cx = 807 nF. The fitted values were cross-checked by a 
direct measurements using LRC-meter at 1 kHz giving values: -R3 = 15 kf2, Co = 470 nF, 
R x = 44 Q, and C x = 813 nF. 

Then, the trimmers Rq and R\ in the negative capacitor were finely tuned in order to 
achieve the maximum decrease in the transmissibility of vibrations at the frequency 2 kHz. 
Then the transmissibility of vibration through the piezoelectric actuator shunted by a broad- 
frequency-range-optimized negative capacitor was measured and the result is indicated by 
empty triangles in Fig. 5(d). It can be seen that a 20 dB decrease in the transmissibility of 
vibration was achieved in the broad frequency range from 1 kHz to 2 kHz. The measured 
values of the frequency dependence of the transmissibility of vibrations were compared with 
the theoretical model given by Eqs. (3), (8), (9) and (11) and the values of k 2 = 0.067, 
Ro = 12.6 kQ, and Ri = 2.6 Q using the method of least squares. 

The reason for broadening the frequency range can be seen in Fig. 5. Figures 5(a) and 
(b) show the comparison of the measured frequency dependence of the electric impedance 
absolute value and phase of the piezoelectric actuator with the calculated values of the 
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electric impedance of the negative capacitor with the narrow and broad frequency range 
reference capacitances Z\ shown in Fig. 4(a) and (b). In Figs. 5(a) and (b), it is seen that 
the electric impedances of the piezoelectric actuator and the negative capacitor reference 
capacitance are close to each other in the broad frequency range. 

IV. ADAPTIVE SYSTEM FOR THE VIBRATION ISOLATION 

An important issue accompanied with the vibration isolation system with manually ad- 
justed negative capacitor is shown in Fig. 6. The solid line shows the time dependence of the 
vibration isolation efficiency in changed operational conditions in the system with manually 
adjusted negative capacitor. The vibration isolation system was turned on at time 1 minute 
and the decrease in the transmissibility of vibrations by the 20 dB was achieved. Then, the 
ambient temperature around the system was changed by approximately 1°C. There is seen 
approximately 15 dB decrease in the suppression level of the transmissibility of vibrations 
[see Eq. (13)] after 5 minutes. 

To avoid the severe deteriorative effect of changing operational conditions on the vibration 
isolation efficiency, the adaptive vibration isolation system has been realized. The next 
Subsection describes the principle of the control algorithm. 

A. Control law 

A simple control algorithm can be formulated using the analysis of contour plots of the 
absolute value and argument of, in general complex, effective spring constant K e g of the 
piezoelectric actuator that is shunted by the negative capacitor. The negative capacitor is 
shown in Fig. 2 as functions of resistances Rq and R±. Such plots with values Rq and R\ 
normalized by values Ro, m in an d R\, m ini respectively, are shown in Fig. 7. The values i? ,mm 
and Ri tm i n represent the optimal values of resistances in the negative capacitor that yield 
the zero absolute value of the effective spring constant. One can see that the absolute value 
of K e ff reaches zero for R Q /R ^ min = 1 and Ri/Ri jm i n = 1. A more interesting graph is shown 
in Fig. 7(b) for the argument of the effective spring constant K e g = K' cS + iK" s . One can 
see that the value of arg(if eff ) monotonically increases as the point (Rq, Ri) goes around 
the optimal adjustment (Ro, m i n , Ri m i n ) in the counter-clockwise direction as indicated by 
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the arrow. 

Thus, one can immediately determine in which "direction" is the optimal adjustment 
{Ro,min, Ri,min) with respect to its immediate value (i?o, Ri) by measuring the argument of 
K e s, i.e. ip = arg(J<" c g). Using this principle, it is possible to formulate the iterative control 
algorithm as follows: 

R^ n + AR for tp < v? , 
Ro,n+i = { Ro,n - AR for (p < ip < (p + 7r, (17a) 
i? ,n + AR for <p + 7T < v?, 

+ Ai*i for y> < ^, 

#l,n+l = S ( 17b ) 
i?i, n — Ai?i for tp > (px. 

Symbols Ro >ri+ x, Ro >n and i?i, n +i) -Ri,n are the "new" and "old" values of resistances R and 
-Ro; respectively. Values ARq and AR\ are the resistance increments achievable in the 
negative capacitor. Symbols <p>o and <px stand for the critical values of a,rg(K c g) indicated in 
Fig. 7(b). The particular values of (p and <px should be usually determined experimentally. 

In the next Subsection, the simple way for the estimation of the complex value of effective 
spring constant is presented. 



B. Estimation of the effective spring constant 

The effective value of the spring constant is given by the ratio of the transmitted force F 
through the piezoelectric actuator over it elongation Al, see Eq. (7). The transmitted force 
can be easily measured using a piezoelectric force sensor. The actuator elongation can be 
estimated using the following idea. 

When the negative capacitor is close to its required optimal adjustment, the transmitted 
force through the piezoelectric actuator is very small. When the transmitted force F is small, 
it follows from Eq. (5) that first term on the right-hand-side of Eq. (5), i.e. (I/Kg) F, is much 
smaller than the second term, i.e. dV. In this situation, the elongation of the piezoelectric 
actuator is dominated by the inverse piezoelectric effect and, thus, it is proportional to the 
voltage applied from the negative capacitor, i.e. Al oc V. 

In order to estimate the argument of the effective spring constant, it is sufficient to 
calculate the phase difference between the signal from the force sensor F and the voltage V 
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FIG. 8: Adaptive vibration isolation system, which is realized using the piezoelectric actuator 
shunted by electronically adjustable negative capacitor, is presented on the right-hand side. Elec- 
tronic scheme of the adaptive vibration isolation system is shown on the left-hand side. Signals 
from accelerometers are used to calculate the transmissibility of vibrations. A signal from the force 
sensor and applied voltage from the negative capacitor are used for the estimation of the effective 
spring constant K e g of the shunted piezoelectric actuator. The estimated value of the argument 
of K e ff is used for calculation of corrections to the values of resistances of electronically adjustable 
resistors Rq and R\. 



applied from the negative capacitor: 

arg (K eS ) ^ arg F — arg V. (18) 



C. Electronically adjustable negative capacitor 

The above described control algorithm has been implemented in the adaptive vibration 
isolation system, which is shown in Fig. 8. 

The force sensor was realized as a piezoelectric plate with a charge amplifier Kistler 
50 15 A. Such an arrangement requires a calibration, which is done prior experiments in the 
setup without the damping element. The transfer function of the force sensor is determined 
using a mass of the object and the signal from the output accelerometer. This is simple 
and fast arrangement that allows precise force measurements up to high frequencies. The 
signal from the force sensor and applied voltage from the negative capacitor are used for the 
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estimation of the effective spring constant K e g of the shunted piezoelectric actuator. The 
estimated value of the argument of K c r is used for the calculation of corrections to values 
of resistances of electronically adjustable resistors Rq and R\ according to Eqs. (17). 

In order to make the electronic control of resistances Rq and R\ in the negative capacitor 
possible, the manually adjusted trimmers were replaced by electronically controlled resistors, 
which were realized as a pair of a light-emitting diode and a photoresistor. Example of the 
measured volt-ohm characteristics of the electronically adjustable resistor is shown in Fig. 9. 
The voltage Vc controls the current through the diode and, therefore, the intensity of the 
emitted light, using a voltage-to-current converter. The intensity of the generated light 
controls the resistance R a of the photoresistor. 

Instantaneous values of the incident and transmitted vibrations are measured by piezo- 
electric accelerometers PCB-352. These accelerometers have the resonant frequency at 40 
kHz, which ensures a flat and phase correct transmission function in the frequency range of 
our experiments. Signals from the accelerometers are amplified by ICP amplifier. Electric 
signals from the accelerometers 1 and 2, force sensor, and the electric voltage applied to the 
piezoelectric actuator from the negative capacitor are measured and digitized by the data 
acquisition card NI PCI-6221. PC is also used for the generation of the signal of the inci- 
dent vibrations and for the measurement of the transmissibility of vibrations. In the Matlab 
software, a pseudo-random signal with few dominant harmonic components is generated. 
The output signal from the PC is introduced to the high-voltage amplifier and fed to the 
piezoelectric shaker. 

The transmissibility of vibrations with harmonic time dependence of frequency 2 kHz 
through the adaptive vibration isolation system is shown using dashed line in Fig. 6. Is it 
seen that the transmissibility of vibrations remained constant even in changed operational 
conditions (i.e. ambient temperature). It should be however noted that in the situation, 
where vibrations have harmonic time dependence, the estimation of effective spring constant 
argument is a straightforward and easy task. On the other hand, the consideration of 
harmonic vibrations greatly limits the applicability of the vibration isolation device. In 
order to eliminate this drawback and to broaden the applicability of the above described 
adaptive vibration isolation system, a modification of the control algorithm is necessary. 
This is described in the next Subsection. 
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FIG. 9: Example of the measured volt-ohm characteristics of the electronically adjustable re- 
sistor, which is realized as a pair of a light-emitting diode and a photoresistor. The voltage Vc 
controls the current through the diode and, therefore, the intensity of the emitted light, using a 
voltage-to-current converter. The intensity of the generated light controls the resistance R a of the 
photoresistor. 

D. Suppression of vibrations with a general time dependence 

In real situations, the incident vibrations usually consist of the sum of several randomly 
changing dominant harmonic components. These harmonic components appear in the sys- 
tem due to the eigen-frequencies of mechanical parts or due to vibration of revolving mechan- 
ical parts. In order to suppress the vibration transmission between the vibrating mechanical 
parts in real industrial applications, following modification to the control algorithm was 
implemented. 

First, signals from the force sensor and voltage applied from the negative capacitor are 
measured. If the amplitude of the signal from the force sensor exceeds some arbitrarily cho- 
sen threshold, the Fast Fourier Transformation is applied to the time dependencies of the 
measured signals to obtain their amplitude and phase frequency spectra. Then the distribu- 
tion of the vibration power along the frequency axis is analyzed and the dominant harmonic 
component with the greatest amplitude is found. This dominant harmonic component is 
selected to be suppressed. At the selected frequency of the dominant harmonic component, 
the phase difference between the dominant harmonic components in the signals from the 
force sensor and from the negative capacitor output is calculated. The calculated value of 
the phase difference is used for the iterative corrections of the values of resistances Rq and 
Ri according to Eqs. (17). After application of corrections to values of resistances Rq and 
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FIG. 10: Spectra of the five force signals transmitted through the vibration isolation system with 
different frequencies of the dominant harmonic component. Solid black line indicates the force 
amplitude spectra transmitted through the piezoelectric actuator disconnected from the negative 
capacitor. The zero-filled solid blue lines indicates the amplitude spectra of the force transmit- 
ted through piezoelectric actuator shunted by the self- adjusted broad-frequency-range- matched 
negative capacitor. The vibration signal consists of a random noise and one dominant harmonic 
component of given frequency. 

Ri, new time-dependences of signals from the force sensor and the negative capacitor output 
are measured and the above steps are periodically repeated until the dominant frequency is 
suppressed in the force sensor signal under a measurable level. 

In order to evaluate the performance of the adaptive broad band vibration suppression 
device, five different vibration signals were generated and applied to the vibration isolation 
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Frequency (Hz) 



FIG. 11: Frequency dependences of the transmissibility of vibrations through the piezoelectric 
actuator shunted by the adaptive broad-frequency-range-matched negative capacitor. Each curve 
corresponds the transfer functions of the adaptive system adjusted to cancel the vibration signal 
with the force amplitude spectra shown in Fig. 10. 



device. The vibration signal consists of a random noise and one dominant harmonic compo- 
nent of given frequency. Figure 10 shows spectra of five force signals transmitted through the 
vibration isolation system with different frequencies of the dominant harmonic component. 
Solid black line indicates the force amplitude spectra transmitted through the piezoelectric 
actuator disconnected from the negative capacitor. The zero-filled solid blue lines indicate 
the amplitude spectra of the force transmitted through piezoelectric actuator shunted by 
the self-adjusted broad-frequency-range-matched negative capacitor. 

The frequency dependences of the transmissibility of vibrations through the piezoelectric 
actuator shunted by the adaptive broad frequency range negative capacitor, which was 
self-adjusted to the five aforementioned vibration signals, are shown in Fig. 11. It is seen 
that the adaptive control algorithm adjusts the negative capacitor in such a way that the 
transmissibility of vibration curve has its minimum around the frequency of the dominant 
harmonic component in the vibration signal. Figure 11 also indicates shifts of the mechanical 
resonant frequency of the system, which is due to the reduction of the effective spring 
constant of the piezoelectric actuator using the negative capacitor in the broad frequency 
range. 
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V. CONCLUSIONS 



The theoretical model of the vibration transmission through a piezoelectric actuator 
shunted by a negative capacitor is presented. The model has been verified using experiments 
performed on a narrow frequency (pure tone) vibration isolation. By a proper modification 
of the reference capacitor in the negative capacitor, it was successfully demonstrated that it 
is possible to achieve the vibration transmission suppression by 20 dB in the broad frequency 
range (from 1 kHz to 2 kHz). The iterative control law for automatic adjustment of the 
negative capacitor was disclosed using analyzing the absolute value and argument of the 
effective spring constant of the piezoelectric actuator shunted by a negative capacitor. A 
method for real-time estimation of the effective spring constant argument in the vibration 
isolation system was presented. However, the adaptive system in its basic arrangement is 
applicable only to the suppression of vibrations with harmonic time dependences. In order 
to eliminate this drawback, more evolved signal processing was implemented. It was shown 
that the iterative control algorithm is applicable also to vibrations with a general time 
dependence. 

The advantages of the presented system for the suppression of vibration transmission stem 
from its simple electronic realization using an analog circuit with an operational amplifier, 
broad frequency range of the efficiently suppressed vibrations from 0.5 kHz to 3 kHz, and a 
simple control law that allows applying the automatic corrections to the negative capacitor, 
so that the system can work in changing operating conditions. In addition, the presented 
adaptive system is an example of a general concept of adaptive piezoelectric shunt damping, 
which can be easily modified and applied to a variety of different types of piezoelectric 
actuators and other electroacoustic transducers. All in all, the presented realization of the 
vibration isolation device offers a solution for many real noise and vibration problems. 
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